Related genomes tend to be colonized by the same or similar repetitive sequence elements. Analysis of these elements provides useful taxonomic information. We have sequenced Alu repeats from tarsier and compared them with those from strepsirhine prosimians (lemurs, sifaka, and galago) and the human genome. Tarsier elements cluster with Alu subfamilies from the human lineage. The oldest subfamily in tarsier and the most abundant human subfamilies share an RNA secondary structure motif which is absent both in the earliest dimeric Alu Jo and in the strepsirhine elements. These findings are consistent with the view that tarsiers form a sister clade with anthropoides rather than with other prosimians. Alu repeats in tarsier genome are relatively old, which indicates a dramatic slowdown or even an arrest of these elements' amplification about 20 Myr ago.
INTRODUCTION
Coevolution of retroposing sequences with their host genomes leads to lineage and even species specificity of the resulting families of repeats. These can, therefore, be used as tools of molecular taxonomy to answer questions concerning the phylogenetic positions of their hosts. For example, such analysis was used to reaffirm the monophyly of rodents (Martignetti and Brosius, 1993; Zietkiewicz and Labuda, 1996) or, recently, that of cetaceans, ruminants, and hippopotamus within artiodactyls (Shimamura et al., 1997) .
Alu repeats, with more than half a million copies, are the largest family of short interspersed sequence elements (SINEs) in the primate genomes (for recent reviews see Deininger and Batzer, 1995; Jurka, 1995; Smit, 1996; Schmid, 1996) . Typical Alu of about 300 residues is a heterodimer built of two homologous subunits derived from the terminal segments of 7SL RNA sequence. The subunits are connected by an A-rich linker and end in an oligo(A) tail. Alu elements evolved from the 7SL RNA gene through intermediate monomeric forms such as FAM-fossil Alu monomer, FLA-free left Alu, and FRA-free right Alu (Jurka and Zuckerkandl, 1991; Quentin, 1992a,b) .
Alu repeats can be grouped into subfamilies that dispersed at different evolutionary time periods through the retropositional activity of a number of conserved Alu templates (Willard et al., 1987; Jurka and Smith, 1988; Quentin, 1988; Batzer et al., 1990; Shen et al., 1991; Batzer et al., 1996) . Most of the information concerning the evolution of Alus and the mechanism of their proliferation has been inferred from sequences of the human genome. However, dimeric Alus also amplified in prosimians; they have been found in galagos (Daniels and Deininger, 1983) as well as in lemurs and sifakas (Zietkiewicz et al., 1998) . These prosimians belong to the Strepsirhine suborder which comprises Lorisoidea (Asian lorises, African galagos and pottos) and Lemuroidea (Malagasy prosimians, i.e., lemurs and sifakas) and which diverged from other primate lineages 63-55 Myr ago (Koop et al., 1989b; Yoder et al., 1996) .
The position of Indonesian and Philippine tarsiers in primate phylogeny has been for a long time controversial. Tarsiers have been grouped together with lemurs and lorises (Napier and Napier, 1985) , with the anthropoids (Martin, 1990) , or in a separate taxon (Gingerich, 1981) ; Schwartz and Tattersall (1987) suggested that they may represent a sister of the extant lorisiform group. In light of the protein and DNA sequence evidence (Bonner et al., 1980; DeJong and Goodman, 1988; Koop et al., 1989a,b; Dijan and Green, 1991) , tarsiers are now being considered as a sister group of anthropoides and are classified with them in the haplorhine suborder. Alu subfamilies, reflecting phylogenetic affinities of the host genome, should therefore show similarity between tarsier and anthropoidea rather than between tarsier and strepsirhines.
We characterized Alu repeats amplified from the genomic DNA of Tarsius syrichta and compared them with human and strepsirhine Alu subfamilies. In addition to providing more evidence for the phylogenetic position of tarsiers, this study sheds additional light on the evolution of the Alu system in nonhuman primate lineages.
MATERIALS AND METHODS
DNA samples from T. syrichta were obtained from the laboratory of Dr. Morris Goodman. Alu repeats were ''extracted'' from the genomic DNA by PCR amplification, cloned, and sequenced as described . Alu-specific primers were R16A/6 (5Ј-GGC GCG GTG GCT CAC G -3Ј) and L23A/266 (5Ј-TTT TTT GAG ACG GAG TCT CGC TC -3Ј), corresponding to the 5Ј-end and complementary to the 3Ј-end, respectively, of the human Alu Sx consensus (see Zietkiewicz et al., 1992 for the primers nomenclature).
Alignments of tarsier Alus obtained from MULTALIN (Corpet, 1988) were refined by eye. In the alignment, excess of mutations at a particular sequence site with respect to the consensus indicated the presence of a diagnostic position. This excess was estimated by calculating the binomial probability of observing a given number of mutations per position among aligned sequences, knowing the average mutation density. For example, in an alignment of 40 sequences with transition density of 0.065, the binomial probability of finding eight transitions in a sequence position is 0.0029. We expect therefore to observe eight transitions per position once every 345 nucleotides. Finding more than eight transitions in an alignment of sequences less than 300 nucleotides long suggests that transitions at this position could be diagnostic, characteristic of a group or a subfamily of sequences. A status of a diagnostic mutation is reinforced when it is correlated with a change at another position. Sequence Alu elements were grouped according to the diagnostic mutations and the corresponding consensus sequences were derived according to the majority rule, except for the ''weighting'' at sites with a high proportion of CpA and TpG dinucleotides, which were considered to be CpG (Labuda and Striker, 1989) . Certain positions were left ambigous (designated by single letter code, R-for purine, Y pyrimidine etc.), indicating possible diagnostic positions; more data would be required to propose further subdivisions into subfamilies. Sequence divergence (mutation density) was assessed by dividing the number of observed mutations by the total length of the determined sequences, excluding CpG dinucleotides and the diagnostic positions.
Maximum likelihood tree was constructed using the DNAML program from the Phylip package 3.57 (Felsenstein, 1993 ). Minimal energy RNA folding was investigated by the approach by Zuker (1989) (mfold server on WWW, http://www.ibc.wustl.edu/rzuker/rna).
RESULTS
We have determined 37 sequences (GenBank Accession Nos. AF034647-9, AF034652-6, AF034660, AF034687) from the clones of Alu elements which were ''extracted'' from T. syrichta genomic DNA by PCRamplification. The primers corresponded to the termini of Alu elements known to be conserved across other primate species (Daniels and Deininger, 1985; Shen et al., 1991; Labuda and Zietkiewicz, 1994; our unpublished data) . The quasi-identity of these termini in tarsier Alu repeats was confirmed by successful amplifications.
Based on the presence of shared correlated nucleotide changes in the contributing repeats (four GenBank sequences were included in the alignment, AF034650, AF034657-9) tarsier Alus were grouped into four subfamilies represented by consensus sequences shown in Fig. 1 . Due to a limited number of sequences we did not subdivide this set of sequences further, although mutations at certain positions could have been considered diagnostic. ''Ambiguous'' nucleotide assignments at these positions are indicated by a single letter code; the underlying Alu subfamilies will have to be confirmed when more data are available. Tarsier Alus differed in several sequence positions both from the human and the strepsirhine elements (Fig. 1) . Their linker was of the same type as in the human Alus and in the old Alus from strepsirhine (Zietkiewicz et al., 1998) , and it displayed length variability in the second stretch of A-residues as in the young human Alu subfamilies.
A maximum likelihood (ML) approach was applied to examine relationships between the elements aligned in Fig. 1 . A duplicated and internally deleted 7SL RNA sequence was used as an outgroup to root the tree shown in Fig. 2 . Tarsier sequences group with the human Alus, forming the cluster of haplorhine elements with the oldest human dimeric subfamily, Alu Jo (Jurka, 1995) , at its base. Strepsirhine Alus are on a separate branch, consistent with the distinct taxonomic position of their prosimian hosts. A similar result was obtained when left (L) and right (R) Alu subunits were considered as separate homologous entities and compared with 7SL RNA sequence and monomeric 7SL-like elements FLA-A, FRA-A, and FAM (Jurka and Zuckerkandl, 1991; Quentin, 1992a) . In this ML tree (Fig. 3) , the evolutionary history of L and R Alu subunits separates after FAM, regardless of the systematic position of the host organism. FLA-A is at the root of the L cluster whereas FRA-A and R-Jo are at the root of the R Alu subunits. Within the L and R clusters tarsier and human sequences form a group of haplorhine subunits separated from the strepsirhine variants.
We compared the divergence of tarsier repeats with respect to their corresponding subfamily consensus sequences in order to estimate the time since their dispersion (Labuda and Striker, 1989) . The average 
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ages of the four tarsier subfamilies were calculated assuming the neutral substitution rate of 0.34% per site per million years (Bailey et al., 1991) and are reported in Table 1 . With the youngest subfamily (Tar-1) residing in the tarsier genome for more than 20 Myr it seems that Alu amplification in this primate lineage has ceased or undergone a radical slowdown in the early Miocene. In this context it was interesting to find that, at the level of RNA secondary structure, only the oldest Tar-3 subfamily (Table 1) folded in the same way as human S subfamilies (Sinnett et al., 1991; Labuda and Zietkiewicz, 1994) . The minimal energy structure (Zuker, 1989) of Tar-3 Alu RNA is shown in Fig. 4 . In the domain III in segment ␥ of the R subunit, the terminal loop is ''closed'' by two GC base-pairs preceded by a bulged U-residue. This secondary structure motif is also a feature of the human S subfamilies, while it is absent from strepsirhine Alus where the domain III ends in a 9-nucleotides loop (in most galago subfamilies reduced in size by a 3-nucleotides deletion) (Zietkiewicz et al., 1998) . This is consistent with the model of common evolution of tarsier and human Alus following strepsirhine divergence as indicated by ML trees in Figs. 1 and 3 . However, as mentioned above, the conserved RNA structure similar to that of human Alu Sx RNA is seen only in the oldest Tar-3 RNA. According to minimal energy analysis, sequence changes in the younger tarsier Alu subfamilies lead to reorganization of different portions of their RNA molecules; since these changes are unique for each sequence variant, the corresponding minimal energy structures cannot be validated by evolutionary comparisons. The selective 
DISCUSSION
In the tarsier genome we found Alu elements which can be tentatively grouped into four distinct subfamilies. These sequences were analyzed either as full length dimeric elements or as individual L and R subunits. In ML trees they clustered with human Alu Sx and Jb subfamilies, separately from strepsirhine Alus. Taking into account that R-Jo is at the root of R subunits and L-Jo is not significantly different from the root of the L subunits cluster (Fig. 3) , we conclude that the Jo Alu dimers amplified before the divergence of strepsirhines and haplorhines. The fact that in Fig. 2 the Jo subfamily clusters with the haplorhine Alu and is separated from the strepsirhine repeats can be, at least partly, attributed to the sequence difference in the corresponding linkers, not considered in the analysis shown in Fig. 3 . We note, however, that the dimeric human and tarsier Alu elements cluster together in spite of having distinct linker sequences; this indicates that the linker divergence by itself is not sufficient to account for the observed tree topology.
The clustering of tarsier and human Alu sequences seen in the maximum likelihood analysis of their sequences is further substantiated by the comparison of Alu RNA secondary structures. The characteristic RNA folding of the terminal loop in the domain III of the R-subunit is shared by tarsier Tar-3 and human Alu Sx and Jb RNAs while it is absent from strepsirhine Alus as well as from the human Jo subfamily. Taken together, these data are consistent with the scenario according to which the first dimeric elements, assembled from monomeric elements, appeared in the protoprimate genome before the divergence of strepsirhines. The split between tarsier and human Alu occurred later in evolution, after the strepsirhine lineage branched off. Accordingly, tarsiers represent a sister clade of Anthropoidea, which is concordant with other molecular data (Bonner et al., 1980; DeJong and Goodman, 1988; Koop et al., 1989a,b; Dijan and Green, 1991) .
The ''PCR-extraction'' technique used here to characterize Alu repeats in tarsier usually introduces a bias for young repeats that are less mutated and, therefore, more readily primed. For example, among 66 Alu sequences amplified in an equivalent experiment (unpublished) from human genomic DNA, 55 belonged to young (Y) subfamilies (Batzer et al., 1996) and only 9 to the older S subfamilies, even if the latter were severalfold more abundant among genomic repeats. Nevertheless, the Alu sequences that we obtained from tarsier were all highly diverged from their consensus, which indicated their old age. Our data suggest, therefore, the (Sinnett et al. 1991) . Folding motifs conserved as in 7SL RNA are indicated by ovals. 81 virtual absence of Alu amplification in tarsier during the last 20 Myr. Whether the generic Alu dimers in this lineage were replaced by new elements or structurally unrelated SINEs, as in galagos, is presently unknown.
SINEs are considered as ''satellite'' elements of more complex retroposition systems equipped with reverse transcriptase activity (Deragon et al., 1990; Smit 1996; Okada et al., 1997) . Their capacity to disperse may well depend upon their RNA structure and interactions with other molecules of the retroposition pathway (Labuda and Zietkiewicz, 1994; Maraia and Sarrowa, 1995) . The loss of the conserved features of secondary structure correlates here with the apparent Alu extinction in this primate lineage. We ignore the molecular events that were responsible for this departure of tarsier elements from the earlier structural constraints they complied with. Interestingly, a similar decline of the Alu system is observed in extant primate lineages (anthropoids and strepsirhines) at about the same evolutionary time periods, between 40 and 20 Myr ago, as if reflecting the aging process of the molecular machinery which evolved in protoprimate genome before these lineages diverged.
